Chronic myeloid leukemia (CML) is caused by formation of the BCR-ABL1 fusion protein. Tyrosine kinase inhibitors (TKI) that target BCR-ABL1 are now the standard of care for patients with CML.
Introduction
Dysregulated protein tyrosine kinase (PTK) activity is the hallmark of multiple neoplasms (1) . Over the past decade, a broad array of drugs designed to selectively inhibit PTKs [i.e., tyrosine kinase inhibitors, (TKI)] have emerged as novel therapies for patients with cancer (2) . Perhaps the most well-known PTK target to date is the BCR-ABL1 oncoprotein, which is critical to the pathogenesis of chronic myeloid leukemia (CML; ref. 3 ). The successful treatment of patients with CML with the BCR-ABL1 TKI imatinib has definitively validated this therapeutic strategy and established CML as a model disease for targeted cancer treatment (4) .
With over a decade of imatinib use as first-line therapy in patients with CML, surrogate markers that strongly correlate with prognosis have been identified (5) . The validation of surrogate endpoints for treatment effectiveness, such as complete hematologic response (CHR) and complete cytogenetic response (CCyR), has improved treatment management (6, 7) . Most patients, particularly those with CML in chronic phase (CML-CP), will achieve these endpoints on a BCR-ABL1 TKI (8) (9) (10) . The progress of molecular biology has presented the opportunity to look beyond CHR and CCyR and monitor residual disease on a molecular level (11, 12) . Current clinical practice recommendations for CML advocate monitoring patients for hematologic response (i.e., blood counts returning to normal values), cytogenetic response (i.e., disappearance of the Philadelphia chromosome), and molecular response (i.e., reduction in BCR-ABL1 gene expression; refs. 6 and 7). Molecular monitoring is typically performed using real-time quantitative PCR (RQ-PCR), a simple technique that can be performed on peripheral blood samples and is both more sensitive and more convenient than conventional cytogenetics (13) . The first level of response evaluated on the molecular scale, a major molecular response (MMR), corresponds to a 3-log reduction in BCR-ABL1 transcript levels from a standardized baseline ( 0.1% BCR-ABL1 on the International Scale [BCR-ABL1 IS ]; refs. 11 and 14) . MMR has been found to be associated with improved progressionfree survival (PFS; refs. 15 and 16) and event-free survival (EFS; refs. [17] [18] [19] , although its prognostic value is still debated. The European LeukemiaNet (ELN) defines response to TKI therapy based on molecular and cytogenetic milestones achieved at 3, 6, and 12 months, or beyond (6) . The ELN recommends evaluating molecular response using buffy coat from peripheral blood every 3 months until MMR is achieved, and then every 3 to 6 months. Cytogenetic response should be assessed using bone marrow at 3, 6, and 12 months, and then every 12 months once CCyR is achieved. Some patients (e.g., patients with monosomy 7, del [7q] or clonal chromosomal abnormalities) may require additional long-term bone marrow follow-up.
Until recently, deep molecular responses beyond the level of MMR have remained largely unexplored, given a lack of standardized assay techniques (20) . Several recent studies have demonstrated that some patients with such responses can achieve treatment-free remission (TFR), thereby challenging the dogma that CML cannot be cured without allogeneic bone marrow transplantation (21, 22) . The overall goals of therapy in CML-disease remission, reduced risk of progression, and improved overall survival (OS)-are clear; however, many questions remain about the impact of molecular response on achieving these goals. Recent data, to be discussed herein, suggest that in select populations, obtaining a deep molecular response should be considered a primary therapeutic goal.
The Challenge of Defining Deep Molecular Response
The development of the International Scale for BCR-ABL1 RQ-PCR assessment has enabled quantification of molecular response in relation to a standardized baseline (14, 23 Fig. 1; ref. 11) . However, the observation of undetectable BCR-ABL1 transcripts is inherently linked to the sensitivity of the PCR method, as well as the control gene, used. An ongoing European Treatment and Outcome Study (EUTOS) collaboration aims to facilitate standardization of deep molecular response across laboratories by establishing recommendations for response definitions and quality control (11) .
Varying definitions of complete molecular response (CMR) have been reported. For example, the National Comprehensive Cancer Network (7) defines CMR as "no detectable BCR-ABL1 chimeric mRNA as assessed by RQ-PCR using the International Scale with a sensitivity of 4.5- log reduction or more from the standardized baseline," whereas the ELN (6) recommends using the term "molecularly undetectable leukemia" instead of "CMR" and notes the importance of specifying control gene copy number when reporting this level of response. Undetectable minimal residual disease indicates a negative RQ-PCR result and must be associated with a defined PCR assay sensitivity; however, leukemic cells may still be present even if RQ-PCR results are negative (24) . Notably, current RQ-PCR methodology is largely optimized for detection of so-called "typical" BCR-ABL1 transcripts, or those involving the major breakpoint cluster region, and may fail to detect atypical transcripts derived from other breakpoints (25) ; thus, assessment of transcript type at baseline is essential to ensure accurate interpretation of RQ-PCR results.
Deep Molecular Response in Clinical Trials of CML-CP
Deep molecular responses have been assessed in multiple ongoing clinical trials of TKIs in patients with newly diagnosed CML-CP (Table 1 ). Given the current lack of standardization of PCR sensitivity, rates of CMR reported in these studies are not necessarily comparable. Discrepancies in rates of deep molecular response may also result from differences in assay techniques or study design. For example, PCR may be assessed using blood or bone marrow, and response may be defined by a PCR result at a single time point or confirmed by multiple samples. Other variables include the study population (e.g., the proportion of high-risk patients), median follow-up at time of analysis, and type and dose of TKI therapy received. Although several studies have shown that imatinib can elicit deep molecular responses in some patients, second-generation TKIs, such as nilotinib and dasatinib, have demonstrated higher rates of deep molecular response attained within shorter time periods (Table 1 ). The combination of TKI therapy with interferon (IFN), which may help drive leukemic stem cells (LSC) into the cell cycle (26) , thereby inducing deep molecular response, has also been explored. Rates of deep molecular response were higher with this combination versus imatinib alone in one study using pegylated IFN (26) , but similar in another study using IFN-a ( 
The Clinical Relevance of Deep Molecular Response
Defining the value of achieving deep molecular response in patients with CML is an active area of ongoing research. There is conflicting evidence about whether achieving an MMR provides additional benefit beyond a CCyR (20) . The leukemic cell burden is similar in patients with MMR and CCyR (only 1-log difference in BCR-ABL1 levels), and this difference may be too small to impact long-term outcomes such as PFS and OS. Events like progression or death are quite infrequent with frontline TKI therapy; therefore, long-term follow-up and large cohorts of patients would be required to definitively demonstrate any added benefit to achieving MMR.
However, deeper molecular responses provide more separation from CCyR in terms of residual disease burden; therefore, it may be easier to distinguish the unique benefits of such responses. Patients who achieve deep molecular response seem less likely to lose MMR, and several studies have shown that deep molecular responses correlate with better long-term clinical outcomes, such as EFS, PFS, and OS, and a low risk of progression and disease relapse (Table 2; refs. 28 and 29) . For example, a study by Etienne and colleagues (30) found that EFS and PFS were longer in patients with CMR than those with CCyR, regardless of MMR status; OS was not significantly different between these groups. Another study by Falchi and colleagues (31) showed that patients with undetectable BCR-ABL1 levels by 18 or 24 months had 100% rates of OS, EFS, and transformation-free survival (TFS) at 6 years. In the German CML study IV, life expectancy in patients with MR 4 or MR 4.5 was the same as that in an agematched population, and only 4 of 792 patients (0.5%) who achieved MR 4 had disease progression (32). These results provide encouraging evidence that achievement of deep molecular response is an important clinical goal and prompt the question: should patients with CCyR, who do not achieve these deep levels of molecular response, be switched to an alternate therapy? The ongoing Evaluating Nilotinib Efficacy and Safety in Clinical Trials-CMR (ENESTcmr) study aims to address this question by randomizing patients with detectable BCR-ABL1 transcripts after !2 years on imatinib to either continue on imatinib or switch to nilotinib (33) . After 12 and 24 months of followup, more patients achieved MR 4.5 and undetectable BCR-ABL1 (!4.5-log RQ-PCR assay sensitivity) on nilotinib compared with continued imatinib (33) . Yet perhaps the most convincing reason to strive for sustained deep molecular response in patients with CML-CP is the possibility that it may enable eventual achievement of TFR.
Deep Molecular Response and TFR
Reports of imatinib discontinuation in patients without sustained deep molecular responses have shown high and rapid rates of disease relapse (34) (35) (36) (37) . In contrast, a small pilot study of imatinib discontinuation with the stringent entry criteria of sustained CMR for !2 years on imatinib showed promising results, with 6 of 12 patients remaining in molecular remission after a median 18 months of follow-up (38) . This proof of concept inspired numerous clinical studies of imatinib discontinuation in patients with stable, deep molecular responses on TKI therapy (Table 3) . In all cases, many patients were able to remain relapse-free off therapy.
Importantly, molecular relapse, the trigger for reintroduction of TKI therapy in these studies, was often defined differently. For example, in the Stop Imatinib (STIM) study, molecular relapse was defined as positive RQ-PCR results on 2 consecutive assessments (39, 40) , whereas in the STIM Table 1 . (Continued on the following page) study, molecular relapse was less stringently defined as loss of MMR at any time (41) . In According to STIM, all 24 patients who relapsed regained a response of MMR or better once imatinib was reintroduced (41); therefore, waiting until a patient loses MMR to reinitiate TKI therapy does not seem to be detrimental. This suggests that BCR-ABL1 positivity after TKI cessation does not necessarily equal disease relapse (22) . However, the optimal molecular response threshold for triggering restart of TKI therapy remains to be established. Data on discontinuation of second-generation TKIs are limited; however, the ongoing STOP 2G-TKI study has shown similar results to those of imatinib discontinuation trials (Table 3; ref. 42) . Thus, available results suggest that stopping TKI therapy in patients with sustained deep molecular response can be safe and associated with prolonged TFR. Given the preliminary nature of available clinical data on TFR, both the ELN and the National Comprehensive Cancer Network currently recommend that patients remain on TKI therapy indefinitely and that TKI discontinuation only be attempted in controlled clinical trials (6, 7).
Factors Affecting Achievement of Deep Molecular Response
Achievement of BCR-ABL1 IS 10% at 3 or 6 months after initiating first-line imatinib has been shown to be predictive of long-term molecular response and improved outcomes (19, 43, 44) , whereas delayed cytogenetic and molecular response on imatinib is associated with increased risk of progression (45) . Landmark studies of second-generation TKIs have found BCR-ABL1 levels at 3 months to be similarly predictive (46, 47) . A retrospective analysis of patients treated with second-line nilotinib, dasatinib, or bosutinib found that BCR-ABL1 IS 10% at 3 months from start of second-line treatment was associated with significantly higher cumulative incidence of MMR and CMR and improved OS, PFS, and EFS (48) . An online database of patients with CML-CP treated with first-line imatinib in Japan found that patients with an MMR at 12 months were significantly more likely than those without to achieve undetectable BCR-ABL1 transcripts by 72 months (49). Another study found a similar association in patients treated with first-line or second-line imatinib (24) .
Other factors that may affect achievement of deep molecular response include risk score, sex, adherence to treatment, and dose intensity. For example, in the Evaluating Nilotinib Efficacy and Safety in Clinical Trials-Newly Diagnosed Patients (ENESTnd) phase III trial of first-line nilotinib versus imatinib, rates of deep molecular response were lowest among patients with high Sokal score, although more high-risk patients achieved MR 4.5 by 3 years on nilotinib than imatinib (24%, 27%, and 9% in the nilotinib 300 mg b.i.d., nilotinib 400 mg b.i.d., and imatinib arms, respectively; ref. 10) . Univariate analysis of a study in patients treated with first-line imatinib showed that females were more likely than males to achieve stable undetectable BCR-ABL1 (with a RQ-PCR sensitivity of !4.5 log) by 8 years (68% vs. 30%, respectively; ref. 50) . Multivariate analysis of a study in Japanese patients found adherence to standard-dose imatinib to be predictive of CMR achievement (51) . Another study reported adherence to standarddose imatinib as the only independent predictor of CMR; poor adherence and failure to achieve MMR predicted treatment discontinuation and eventual loss of CCyR (52, 53) . UMRD defined as <100 copies by TMA; thus, loss of UMRD was >100 copies by TMA.
c Currently recruiting participants.
Factors Affecting Durability of Deep Molecular Response Off Treatment
The high rates of and rapidity of disease relapse observed in patients who discontinue TKI therapy without deep molecular response (34) (35) (36) (37) suggest that the main factor influencing relapse risk off therapy is the level of residual molecular disease present when TKI therapy is stopped. However, even among patients with sustained, undetectable disease on TKI therapy, a significant percentage of patients have experienced disease relapse (40) , and several studies have evaluated factors potentially contributing to a patient's ability to achieve successful TFR.
Studies of imatinib discontinuation have found an association between Sokal score and relapse risk (39, 40, 54, 55) , suggesting that patients with high Sokal risk may have inherent biologic attributes that drive development of disease relapse once BCR-ABL1 inhibition is relieved. The duration of deep molecular response before TKI discontinuation and the overall duration of prior TKI treatment also seem to be important (39, 40, 56) . Based on this, the majority of ongoing studies require patients to maintain a deep molecular response for !2 years and have had !3 years of prior TKI treatment before attempting discontinuation. More rapid achievement of deep molecular response may also be predictive of successful TFR (54, 55) .
In the STIM study, the only factors associated with lower risk of relapse were low/intermediate Sokal score and duration of imatinib treatment >5 years (39, 40) . Another study identified a subgroup of patients with increased risk of molecular relapse following imatinib discontinuation, characterized by the following: high Sokal score, >24 months to CMR, and <33 months of imatinib after achieving CMR; patients with any of these characteristics had a 0% probability of CMR persistence at 1 year, compared with 80% probability in patients without these characteristics (54) . Several other ongoing TKI discontinuation studies aim to determine other factors that may play a role in relapse off treatment (Table  3) . For example, the large, phase III EURO-SKI study (NCT01596114) will explore factors associated with molecular relapse in patients with stable MR 4 who stop TKI therapy, and STIM 2 (NCT01343173) will evaluate factors predictive of sustained deep molecular response after imatinib discontinuation (57) . Current data suggest that deep molecular response is heterogeneous, and different patients may have differing levels of residual disease burden despite having undetectable disease (22) .
Most, if not all, patients with sustained CMR have persistent BCR-ABL1-positive cells (based on PCR at a DNA level; ref. 55 and 58) ; however, this persistence does not necessarily lead to relapse after treatment discontinuation. Furthermore, the kinetics of relapse after treatment discontinuation vary, with early and late molecular relapses observed (39) . This discrepancy may reflect the heterogeneity of CML at the stem cell level. The development of highly sensitive techniques like ultra-deep sequencing (UDS) and massive parallel sequencing (MPS) may help clarify these differences. Indeed, both UDS and MPS detected more complex mutation dynamics in TKIresistant patients than conventional Sanger sequencing (59, 60) .
Mathematical modeling of the kinetics of molecular relapse in patients in the STIM study has led to a hypothesis that selective pressure exerted by imatinib treatment results in an increased frequency of LSC clones with slower growth and differentiation than the predominant clone at baseline (61) . Imatinib therapy may affect the ability of LSCs to produce differentiated populations and may affect the cell division of progenitors and differentiated leukemic cells (61) . The effects of imatinib on leukemia-initiating cells (LIC) may differ from patient to patient, and these differences may manifest in varying times to molecular relapse in patients with deep molecular response who stop imatinib treatment (Fig. 2) .
It remains to be established whether the ultimate goal of treatment for patients with CML-CP will be a "clinical cure" (i.e., the absence of relapse) or a "biological cure" (i.e., absence of all leukemic cells, including LSCs; refs. 22, 62, 63) . Multiple strategies for specifically targeting the LSC reservoir in patients with CML are under investigation, including combination of a BCR-ABL1 TKI with other targeted agents, such as inhibitors of the Hedgehog, Wnt/B-catenin, or Notch signaling pathways, or immunomodulatory agents, such as IFN (22, 62, 63) . In one study, maintenance therapy with peglyated IFN following imatinib discontinuation led to retained or improved molecular responses in the majority of patients, most of whom did not have deep molecular responses (64) . This may represent a viable strategy for patients who wish to stop TKI therapy in the absence of deep molecular response; the ongoing TIGER study is further investigating this approach (Table 3) . Quantification of a patient's residual LSC reservoir and the effect of such combination treatments on LSCs remains a challenge (22, 65) . Given the potential diversity in disease burden and relapse risk in patients who discontinue TKI therapy, rigorous long-term follow-up is essential, and discontinuation should only be attempted in clinical trials.
Conclusions
Molecular monitoring affords a precise, convenient method for monitoring residual disease burden in patients with CML-CP. As TKIs have improved patient outcomes, clinical trial designs have begun to evaluate deeper levels of molecular response. Deep molecular responses are associated with improved rates of PFS, EFS, and OS, and reduced risk of progression to advanced disease. Furthermore, a sustained deep molecular response is an essential entry criterion for studies of TFR. The ability to achieve deep molecular response on therapy, and sustain this response off therapy, may be affected by a variety of factors, including disease characteristics, risk score, and adherence to and time on treatment. As more is learned about the optimal criteria for successful TKI discontinuation, patients may have increased chances of achieving treatment-free disease control, a first step toward the elusive cure for CML. 
Disclosure of Potential Conflicts of Interest

